Jet-cooled van der Waals dimers of benzene ͑B͒ and chlorobenzene ͑BCl͒ were studied by one-color resonant two-photon ionization through the S 0 →S 1 transition of the chlorobenzene. The spectra of BCl...B and ͑BCl͒ 2 in the 0-0 band both show two main features with different spectral shifts. These two main features are attributed to two different geometries: perpendicular T-shaped geometry and parallel displaced geometry. This assignment is supported by the relative intensity dependence on the internal temperature and our ab initio calculations at the MP2 level. The binding energies of BCl...B and ͑BCl͒ 2 were measured near the two-photon ionization dissociation threshold in a reflectron time-of-flight mass spectrometer ͑RTOF/MS͒. Our estimated binding energies of BCl...B and BCl...BCl are 0.14Ϯ0.01 eV and 0.15Ϯ0.01 eV, respectively, consistent with their increasing dipole moment and polarizability in that order.
I. INTRODUCTION
The interaction between aromatic molecules determines their microscopic arrangements and macroscopic intermiscibility. The study of the structure, energetics, and intramolecular dynamics of mass-resolved van der Waals clusters of aromatic molecules by resonant two-photon ionization mass spectrometry ͑R2PI/MS͒ provides a powerful means to investigate this interaction. 1 Most R2PI studies, however, have so far concentrated on the system of highly symmetric benzene with small symmetric molecules. 2 This is primarily because this system with its high symmetry and small size has the advantage of a relatively simple spectroscopic interpretation, and has been quite revealing of the intermolecular interaction potentials.
Nevertheless, the real world often involves systems of greater complexity. For example, the aromatic bases of DNA and proteins are hydrogen bonded together in pairs which are, in turn, stacked in close proximity to one another. 3 Therefore, understanding the nature of interaction in the aromatic dimer at a molecular level has a direct bearing on elucidating the origin of the double helical structure of DNA and the tertiary structures of proteins. Benzene dimer has been a model system along this line. It has attracted intense theoretical and experimental interest during the last twenty years. 4 Experimental results suggested that benzene dimer has two isomeric structures, one is a T-shaped ͑TS͒ structure and the other is a parallel-displaced structure. 5 Early quantum calculations predicted that the TS structure is the most stable. 6 The most recent PES calculation by the ab initio method at the MP2 level revealed that the parallel displaced structure is the most stable whereas the two TS structures, one normal and one displaced are slightly less stable. 4 The data of mass-selected hole burning spectroscopy supports the latter theoretical results whereas mass-selective ionizationdetected Raman spectroscopy, 7, 8 Fourier Transform microwave spectroscopy, 9 and molecular beam double resonance spectroscopies detected a TS structure of benzene dimer. 10 It should be noted, however, that the formation of aromatic dimers of different isomeric structures is expected to be strongly dependent on the nozzle cooling conditions. In addition, certain spectroscopic techniques may only be able to detect certain isomers.
Very few R2PI spectroscopic studies of dimers of monosubstituted benzenes have been reported. Fluorobenzene dimer was studied by R2PI but little structural information was obtained. 11 Bernstein and coworkers carried out a study of toluene-benzene dimer and toluene dimer by two-color R2PI combined with time-of-flight ͑TOF͒ mass spectrometry ͑TOFMS͒. 12 Two distinct conformations were found based on their different ionization energy dependences and different S 1 excited state lifetimes. The more red-shifted sets of peaks were assigned as the parallel-displaced conformation while the less red-shifted sets of peaks were assigned as the perpendicular conformation.
Relevant to the experiments mentioned above, the multiphoton ionization ͑MPI͒ technique combined with reflectron TOF mass spectrometry ͑RTOF/MS͒ allowed metastable decay of some aromatic dimers to be observed. [13] [14] [15] Dissociation energies of a number of these aromatic dimers have been measured by MPI in combination with mass spectrometry or other techniques. The dissociation energies of the neutral dimers were shown to be consistent with the changes of the polarizability and dipole moment of the components.
In this contribution, we report the results of our studies of jet-cooled van der Waals clusters of benzene ͑B͒ and chlorobenzene ͑BCl͒ by one-color resonant two-photon ionization through the S 0 →S 1 transition. The purpose of our effort is to understand how halogen substitution in the benzene ring affects the structure and binding energy of the van der Waals complex. The spectra in different vibronic transitions all a͒ To whom correspondence should be addressed.
show two main features with different red shifts. These two main features are attributed to two different geometries. These two features were found to change with different carrier gases and at different cooling conditions. Ar and N 2 appear to give better defined spectra. The metastable dissociation of these clusters was also studied near the two-photon ionization dissociation threshold in the reflectron TOF mass spectrometer by using the breakdown graph method. In this way, binding energies of BCl...B and BCl...BCl were obtained.
II. EXPERIMENT
The experiment was carried out in a RTOF/MS ͑R. M. Jordan Company, U.S.A.͒. Figure 1 shows the schematic of our experimental setup. Some of the features of the apparatus have been described previously. 16 The supersonic cluster beam was formed by bubbling He ͑Ar or N 2 ͒ through a liquid benzene and chlorobenzene ͑99.5% grade as purchased without further purification͒ mixture at room temperature with backing pressure ranging from 30 to 125 psi. The gas mixture was allowed to expand through a 0.5 mm diam orifice with a pulse duration of 80 s through a Jordan pulsed valve. Care was taken to minimize the formation of clusters larger than dimers by adjusting the backing pressure and the nozzle opening time. The cluster beam was skimmed by a 2 mm diam conical skimmer. The skimmed beam intersected an excimer laser pumped dye laser beam in the ion acceleration region of the RTOF/MS. The positive ionized clusters were sampled by a high-voltage extraction pulse and detected by the RTOF/MS. The source chamber and the flight tube were differentially pumped by a 10 in. diffusion pump and a 6 in. diffusion pump with water baffles, respectively. Under normal operating conditions, the pressures in the source chamber and the flight tube are 5ϫ10 Ϫ6 and 3ϫ10
Ϫ7
Torr respectively. A Lambda-Physik excimer laser ͑XeCl, LPX210i͒ pumped dye laser ͑LPD3002͒ was used for the spectroscopic measurements. Coumarin 540A and Coumarin 503 dyes were employed for the dye laser, producing a 5-10 mJ output in a wavelength range from 516 to 550 nm. The output of the dye laser was doubled in a BBOI/SHG crystal, producing an output in the wavelength range from 258 to 275 nm. The output of the SHG crystal was separated from the fundamental by a set of four Pellin-Broca prisms. This final output with a typical pulse energy of 0.3-1.0 mJ was guided into the TOFMS chamber without focusing, intersecting the cluster beam. The line width of the excitation source is typically ϳ0.3 cm
Ϫ1
. Calibration of the laser wavelength was accomplished by recording known spectra such as those of benzene and chlorobenzene. Absolute positions of spectral features are accurate up to Ϯ1.0 cm Ϫ1 and relative positions are accurate to Ϯ0.3 cm Ϫ1 for sharp features. After extraction by a high-voltage pulse, the cluster cations were guided by a pair of horizontal and vertical deflection plates, focused by an Einzel lens, mass selected by a pulsed mass gate, and reflected by an ion reflectron. The reflected ions were detected by a dual microchannel plate detector ͑MCP͒. The mass gate is particularly useful to reduce the much stronger monomer ion signals which would otherwise saturate the MCP detector. The MCP signal was preamplified by a preamplifier ͑Standford Research 445͒, digitized by a 100 MHz transient recorder, and processed by a 486 PC. All the timing pulses ͑DG535͒, dye laser scanning, and data acquisition were controlled and carried out by the PC. In wavelength scanning experiments, the ion signals were averaged over 50 laser shots at each wavelength. A computer program was implemented so that up to eight mass channels could be monitored during each scan.
The mass resolution is typically 600 in the aromatic dimer mass range. No effort was taken to improve the mass resolution since it was more than sufficient to carry out the experiments.
The identification of the daughter ions and the corresponding parent ions was accomplished by adjusting the reflectron voltages. The binding energy measurement of the aromatic dimers was carried out by monitoring the daughter to parent ratio when the laser wavelength was scanned. Further description of the methodology is provided in Sec. III.
III. RESULTS
In this section, we will present the results for two experiments separately: Sec. III cating that BCl is the spectral carrier. Each band of BCl...B shows a strong broadened peak with a small red shift followed by a weak feature with a larger red shift. Some hot bands such as 6b 1 2 , present in the BCl spectrum, disappeared in the BCl...B spectrum. This implies that either the vibrational temperature of monomer is higher than that of the dimer or the vibrational energy of the monomer has been converted to the intermolecular energy upon complexation.
Each peak is broadened compared to that of BCl and no van der Waals vibrational structure is resolved. Several factors may be responsible for the broadening: ͑1͒ Nearly isoenergetic conformations may exist, which are produced in the beam in different ratios depending on the expansion conditions. Three structures are of interest: ͑a͒ a sandwiched parallel plane conformation; ͑b͒ a T-shaped structure; and ͑c͒ an in-plane configuration with collinear symmetry axis. ͑2͒ Inhomogeneous broadening: Vibrational structure due to the excitation of intermolecular motion in the electronically excited state S 1 may appear in the spectrum even if the clusters are vibrationless in the ground state S 0 .
We have also searched the 6 0 1 band of benzene in B*...BCl around 259.0 nm and the 0 0 0 band of B*...BCl around 262.5 nm. However, the spectrum appears to be derived exclusively from the excitation of BCl. This can be clearly seen from the one-to-one correspondence of the spectra between BCl...B and BCl. No obvious correspondence of the spectra between BCl...B and B has been observed. The reason why BCl is always the chromophore may be that the excitation via benzene could be more apt to cause dissociation of the complexes. Since the ionization potential of B is 0.18 eV higher than that of BCl, the ionization of B will impart more internal energy to the cation ͑BCl...B͒ ϩ , and this will lead to a facile dissociation.
The 0-0 band of BCl in BCl...B was used for detailed studies since it is relatively free from interference from the energy levels of B. Figure 3 displays a set of 0-0 band spectra of BCl*...B at different nozzle backing pressures using Ar as the carrier gas. The spectra clearly exhibit two features: one is relatively sharper with a smaller red shift ͑ϳϪ3.8 cm
Ϫ1
͒ and the other is relatively broader with a larger red shift ͑ϳϪ76 cm Ϫ1 ͒. The peak with a smaller red shift possesses a sharp onset and a nonsymmetric shape, indicating that the geometry change upon excitation is small and that the feature is from a small set of isomeric structures with similar geometry and energy. The small bump on the red side of the sharp peak is likely to come from the hot band of the van der Waals stretch. The tail of the sharp peak on the blue side is not well resolved, but a bump can still be seen which perhaps corresponds to the van der Waals stretch. On the other hand, the peak with a larger red shift is relatively broad ͑ϳ150 cm Ϫ1 ͒ and has a symmetric shape. This suggests that either it has a large geometry change upon excitation or there is a large set of different geometries with similar energies. At a lower backing pressure, the broader peak with a larger red shift is comparable in intensity to the less redshifted peak. As the backing pressure increases, the broad peak decreases significantly in intensity and the less redshifted peak becomes dominant. As will be discussed in the discussion section, we tentatively assign the less red-shifted peak as being from a parallel-displaced structure and the broad peak as being from a set of TS geometries.
The two features of the 0 0 0 band of BCl*...B were investigated with different nozzle carrier gases. The experimental results are shown in Fig. 4 . When using He as the carrier gas, the broad peak is dominant even at a backing pressure as high as 110 psi. The less red-shifted peak becomes dominant when N 2 or Ar were used as the carrier gas. N 2 and Ar are known to have a larger polarizability than He and this may be responsible for enhancing the efficiency with which the structures featured by the broad peak are quenched. It is interesting to note that the blue peak is shifted when using different carrier gases. For example, the peak is blue shifted by ϳ11 cm Ϫ1 with He, blue shifted by ϳ2.7 cm Ϫ1 with N 2 , but red shifted by ϳ3.8 cm Ϫ1 with Ar. This suggests that this blue-side peak, although relatively narrow in comparison to the more red-shifted peak, may likewise not be from a single isomeric structure but from a small set of similar structures with similar energy, the ratio of which changes under different expansion conditions. One relevant point which merits consideration for our one-color experiments is that the broadness of the spectra may originate from the dissociation of larger vdW clusters. We have investigated this possibility. Fortunately, the dissociation contribution to the spectra is minimal. First, when large cluster formation was suppressed by adjusting the nozzle conditions, we still observed spectra of similar broadness. Second, when the ion extraction pulse was delayed relative to the R2PI laser pulse, the spectra changed little. In fact, spectra were taken normally at a 4 s delay of the ion extraction pulse relative to the laser pulse to minimize the dissociation interference. The nearly absence of dissociation is related to the fact that the excess energy of the larger clusters is not so large for their 0-0 band.
In order to understand the above spectral features of the 0 0 0 band of BCl*...B, it is of interest to investigate how the spectral features change as Ar or benzene is added to the complex. Ar is known to interact weakly with aromatic rings and its adhesion to BCl...B probably would not change the complex structure dramatically. Shown in Fig. 5 is a series of spectra of BCl...B, BCl...BAr, BCl...BAr 2 , and BCl...B 2 . A relatively strong expansion condition was used in order to form these trimers and tetramers. As can be seen from Fig. 5 , all the complexes except BCl...B only retain the less redshifted peak. Clearly, the structure associated with the broad red-shifted peak of BCl...B is unstable in forming complexes with Ar and benzene. Based on the results of Fig. 3 and Fig.  4 , the data in Fig. 5 can easily be explained. The set of high temperature structures corresponding to the more red-shifted broad peak can not bind with Ar since the contribution of entropic term to the free energy is likely to be larger than the sticking stabilization energy, whereas the low-entropy parallel-displaced structure, associated with the less redshifted peak, is capable of forming a complex with Ar. Therefore, the fact that only one peak is observed for the Ar-binded complexes supports our tentative assignment that the more red-shifted peak corresponds to a large set of perpendicular TS structures and the less red-shifted peak corresponds to a small set of parallel displaced structures. Figure 6 describes the R2PI spectrum of ͑BCl͒ 2 in the spectral range of 262.0 to 271.5 nm ͑bottom trace͒. The spectrum of BCl ͑top trace͒ is also shown for comparison. In the 0 0 0 , 6b 0 1 , and 18a 0 1 bands, again two peaks are present with comparable intensity. But, this time one peak is red-shifted and the other is blue-shifted. The blue-shifted peak is somewhat weaker and has a comparable breadth to the red-shifted peak. No vibrational structure is resolved. There appears to be a propensity which governs the observed transitions since only certain bands of BCl are observed. Other bands such as 6a 0 1 and 18b 0 1 , which are also strong for BCl, were not observed for ͑BCl͒ 2 . This may have some implications on the structures of the aromatic dimer. For example, the dimer structure may be such that certain vibrational modes ͑e.g., those in the vibronic levels 6a 1 decay rate than others by either fast intramolecular vibrational energy redistribution or rapid predissociation. Figure 7 shows the 0 0 0 band of ͑BCl͒ 2 at different nozzle backing pressures and with different carrier gases. When using He as the carrier gas at a backing pressure of 30 psi, the dominant component is the red-shifted peak ͑Ϫ73.7 cm Ϫ1 ͒. However, the intensity ratio of the red-shifted peak to the blue-shifted peak ͑67.8 cm
(BCl) 2

Ϫ1
͒ decreases when using Ar as the carrier gas at the same backing pressure. As the Ar pressure increases, the relative intensity of the blue-shifted component increases. This is quite similar to the case of BCl...B. Therefore, in the same vein, we assign the red-shifted peak to the perpendicular T-shaped structure and the blue-shifted peak to the parallel-displaced structure. Furthermore, an additional peak appears with a red shift of Ϫ4.5 cm Ϫ1 as the backing pressure increases to a certain level. Detailed assignment of this peak is difficult but it is possible that this peak could be a member of a van der Waals progression along with the peak at ϩ67.8 cm
. Alternatively, another isomeric structure may start to be stabilized at very low temperature.
B. Binding energy measurements
The measurement of binding energy consists of ͑a͒ identifying the daughter ions and the corresponding parent ions resulting from two-photon ionization followed by fragmentation; and ͑b͒ monitoring the daughter ion to parent ion ratio when scanning the laser wavelength. The resulting plot of the relative intensity of the emerging daughter ions as a function of photon energy is the so-called break-down graph. 15 This is a well-established technique. Care was taken to optimize two-photon signals and minimize three-photon signals by adjusting the laser fluence. It is important to note that the break-down graph method is valid no matter whether the daughter ions originate from resonant two-photon ionization or non-resonant two photon ionization. 15 Consider a metastable parent ion M ϩ which obtains a kinetic energy E M ϩ at the acceleration region of a TOF mass spectrometer. If the metastable parent ion M ϩ dissociates into a daughter ion and a neutral species in the field-free region of the TOF mass spectrometer,
M
ϩ →m ϩ ϩn, the kinetic energy of the daughter ion will be different from the parent ion:
Therefore, they can be easily separated and identified with a reflectron setup by adjusting the voltages of the first reflectron grid VR1 and the second reflectron grid VR2. [13] [14] [15] Given the appearance energy ͑AE͒ of X ϩ from X 2 by monitoring X ϩ as a function of photon energy, the binding energy of neutral dimer D 0 (X 2 ) and cationic dimer E 0 (X 2 ϩ ) can be calculated by using known ionization potentials ͑IP͒:
Here, IP(X) and IP(X 2 ) represent the ionization potentials of the monomer and dimer, respectively. Using this method, the binding energies of some aromatic dimers have been obtained. 15 The measurement of the appearance energy of the metastable dissociation of ͑BCl...B͒ ϩ and ͑BCl͒ 2 ϩ has been conducted using helium at 35 psi as the carrier gas. The experimental setup is the same as that described in Sec. II. The nozzle expansion condition was adjusted to minimize the trimer signal. To check the accuracy of our measurements, we have applied this method to measure the binding energy of benzene dimer which has a reported value of 70Ϯ10 meV. Our results are consistent with the reported value, justifying our measurement on other complexed dimers. For BCl...B and ͑BCl͒ 2 dimers, different sample compositions were used. A mixture of BCl with B at a molar ratio of 1:1 was used for BCl...B dimer and pure BCl was used for BCl dimer. The laser energy was maintained at the same level and, at each wavelength, the mass spectrum was averaged over 300 shots. Figure 8 shows the TOF mass spectrum with the reflectron settings VR1ϭ750 V, VR2ϭ1052 V while the acceleration voltage was 950 V. We adjusted the nozzle expansion condition so that the dissociation from larger clusters was also observed. The following dissociation channels were found for BCl...B and ͑BCl͒ 2 dimers:
For both ͑BCl...B͒ ϩ and ͑BCl͒ 2 ϩ , the only observed daughter ion was BCl ϩ . This indicates that the ionization of these two dimers took place on the BCl molecule which is in accord with the R2PI results of Part A. Since BCl has a much lower ionization potential ͑by 0.18 eV͒ than B, one would expect that the ionization should take place in the BCl molecule but not in the B molecule. Figure 9͑a͒ shows the breakdown curve of BCl...B. The appearance energy of the metastable dissociation is taken as the intercept of the breakdown graph with the constant noise level baseline produced by three-photon absorption. The AE is found to be 9.198 eV. By using the ionization potential of BCl ͑9.06 eV͒, 18 we obtain the dissociation energy of neutral BCl...B which is 0.14Ϯ0.01 eV. Figure 9͑b͒ shows the breakdown curve of ͑BCl͒ 2 . Using the same treatment as for BCl...B, the appearance energy of the metastable dissociation of ͑BCl͒ 2 was found to be 9.206 eV. The dissociation energy of ͑BCl͒ 2 is estimated to be 0.15Ϯ0.01 eV by using the known ionization potential of BCl ͑9.06 eV͒. The errors for the measured binding energies of BCl...B and ͑BCl͒ 2 represent the reproducibility of the measured values.
The dissociation energies we measured ͑at an He backing pressure of 35 psi in the nozzle reservoir͒ are most likely for the structure associated with the lower energy peak ͑per-pendicular T-shaped structure͒. This is because the T-shaped structures have a lower binding energy and therefore correspond to the lowest threshold we observed for the appearance of the daughter ion. If the most stable structure of the ionic dimer is a parallel, one which is quite different from the T-shaped structure, the ionization will impart a large internal excitation on the dimer cation, leading to the consequent dissociation.
IV. DISCUSSION
A. Geometry
From the spectra of BCl...B and BCl...BCl, we see two sets of peaks, the ratio of which varies under different nozzle cooling conditions. These two sets of peaks must be related to two kinds of structures since they appear unrelated. To make some progress, it is necessary to refer to the available data of other aromatic dimers such as the benzene dimer.
For the benzene dimer, it is generally accepted that there exist two kinds of structures. One is a perpendicular T-shaped ͑TS͒ structure and the other is a parallel-displaced ͑PD͒ structure. Most experiments found the TS structure to be prominent and not the PD structure. [8] [9] [10] Earlier low level ab initio studies also found the TS structure to be more stable than the PD structure. 19 However, a recent PES investigation of benzene dimer at a high ab initio level applying large basis sets found three local minimums on the ground state potential energy surface. 4 The most stable structure was found to be the PD structure followed by two TS structures, one normal and one displaced. The discrepancy between experiments and the high-level calculation were explained by the increased entropy of the TS structure. For benzene derivatives, several systems have been studied. Two-color R2PI studies of toluene-benzene dimer and toluene dimer showed that both have two distinct conformations with different ionization energy dependences and different S 1 excited state lifetimes. 12 It was proposed that one is a perpendicular conformation and the other is a PD conformation. Resonant two-photon ionization of fluorobenzene dimer showed two sets of peaks. 11 The relative intensity of these two sets of peaks changes with nozzle expansion conditions. But their structural information was not discussed in detail.
For BCl...B and ͑BCl͒ 2 , as described earlier, we see two sets of peaks as well. These two sets of peaks must be related to two distinct conformations because their relative intensities are strongly dependent on the cooling conditions, i.e., nozzle backing pressure and carrier gas type. The less redshifted peak is relatively intense at low temperature ͑high backing pressure͒, indicating that the structure associated with this peak is the most stable one, whereas the more redshifted peak becomes more intense at higher temperature ͑low backing pressure͒, signifying the importance of entropy contribution to the stabilization of the structure associated with this peak. This temperature dependence can be better appreciated in Fig. 5 . It is remarkable that by forming a rather weakly bound complex which can only exist at very low temperature, the more red-shifted peak is completely quenched.
By comparison with the results of benzene dimer, toluene-benzene dimer and toluene dimer, we can reasonably assume that the two structures associated with the two peaks are a perpendicular TS structure and a PD structure, respectively. Their stability dependence on the nozzle cooling conditions has important structural implications. For the perpendicular TS benzene dimer, it was found that the internal rotation is free ͑or nearly free͒, 7 and the wagging motion around the lowest hydrogen of one benzene pointing to the center of the ring of the second benzene is practically nonhindered. As for chlorobenzene...benzene dimer, the situation will be similar because the H-end of the BCl is a preferred site to point to the second benzene ring for a TS structure as found by our ab initio calculations which will be discussed below. The internal rotation in the TS structure of chlorobenzene-benzene dimer should be nearly free. However, this degree of freedom is most probably frozen for the PD structure. Consequently, the entropy term of the TS structure should be considerably more important and therefore the TS structure is preferred at higher temperature whereas the PD structure will be stable at low temperature under strong expansion conditions. Based on this argument, we identify the less red-shifted peak as the PD structure and the more red-shifted peak to be the perpendicular TS structure.
Further support to our assignment above can be obtained from the different broadness of these two sets of peaks. Conceivably, benzene and chlorobenzene in the dimer in the perpendicular TS conformation can have many possible orientations through internal rotation and wagging motion. All these relative orientations between the constituents in the dimer would generate a number of different transitions with similar energies, making the observed spectrum much more complicated and broader. On the other hand, the PD configuration, which is more compact with its internal rotation frozen and more tightly bound, has only a single or a few conformations so the peaks are much sharper. This can be clearly seen in Figs. 3 and 4 .
As for chlorobenzene dimer, the situation is a little more complicated. Apart from two big broad peaks, a third peak appeared at a high backing pressure. For the two strong peaks, as they showed similar intensity dependence on the expansion cooling conditions to that of the chlorobenzene...benzene dimer, the same reasoning for the structural assignment can be applied. The more red-shifted peak which is located at Ϫ73.7 cm Ϫ1 from the 0-0 band origin of chlorobenzene has the largest intensity at low pressure; this can be assigned to the TS structure. The intensity of the blueshifted peak which is located at 67.8 cm Ϫ1 increases as the backing pressure increases. It is much more stable at low temperature than at high temperature. This can be assigned to the PD structure. As for the small peak which is located at Ϫ4.5 cm
Ϫ1
, although its origin is not clear at present, it may be a member of a van der Waals progression along with the peak at ϩ67.8 cm
. An alternative assignment is that for the two high energy peaks which become more prominent under strong expansion cooling conditions, one corresponds to a parallel displaced geometry and the other corresponds to a TS displaced geometry as in the case of benzene dimer. 4 Further work is needed to resolve this problem.
B. Structural information obtained from ab initio calculations
In this part, we attempt to use ab initio calculation at the MP2 level to investigate the relative stability of different structures of the chlorobenzene...benzene complex. The calculations were performed on a Silicon Graphics workstation using the GAUSSIAN94 package. 20 The effective core potentials with double-basis sets of Stevens, Basch, and Krauss were used for C and Cl while the 6-31G basis set was used for hydrogen. 21 Polarization functions ͑ Cl ϭ0.75͒ were also added for Cl. It should be emphasized here that an accurate description of the van der Waals complex requires much better basis sets and higher perturbation theories, such as couple cluster calculations of the type CCSD͑T͒ involving triple excitations.
22͑a͒ However, it is not our intention to do a comprehensive theoretical study of this system involving weak interaction. We simply aim at obtaining a qualitative idea of the gross geometry that the van der Waals complex might adopt. Therefore, the discussion here should be deemed as very qualitative, and only the gross structures and their relative energies will be discussed. It is our hope that these calculations will provide a complementary support to the above discussions.
The subsystem geometry of chlorobenzene was obtained from the MP2/6-31G* optimization since geometries evaluated at this level are known to be close to the experimental values.
22͑b͒ For benzene, the experimental data ͑R C-C ϭ1.406 Å, R C-H ϭ1.08 Å͒ were used. During the optimization, the subsystem geometries were kept rigid and only selected intermolecular degrees of freedom were optimized.
Altogether seven structures of the chlorobenzene...benzene complex were investigated ͑Fig. 10͒. Structures a and b are parallel with two different orientations while structures c, d, e, f, and g are perpendicular with five different arrangements. The optimized geometries and their total energies are listed in Table I . From the table, we can see that the perpendicular structure g with the Cl atom pointing to the benzene ring is the most unstable. This is likely to be due to the strong electron repulsion between the Cl which has a partial negative charge and the electron-rich benzene ring. The perpendicular structures c, d, e, and f with the para-hydrogen atom pointing to the benzene ring are relatively more stable and similar in energy. However, the parallel-displaced structures a and b are the most stable isomers of all the structures we have investigated. This is quite consistent with our experimental observations presented above.
According to our previous discussion, for the 0-0 band in the R2PI spectra, the less red-shifted peak was assigned to the PD structure and the more red-shifted peak was assigned to the perpendicular structure. The consistency of our calculations with these assignments can be appreciated from the following:
͑i͒ There appears to be two groups of energies from the calculations, one for the parallel structure and the other for the perpendicular structure. These two groups naturally correspond to the two peaks in the R2PI spectra. ͑ii͒
The PD structure is the most stable. This is consistent with the dependence of the ratio of the two peaks on the nozzle expansion conditions. ͑iii͒ The energy distribution of the perpendicular structures is broader than that of the PD structures as can be seen in Table I . This is exactly what we observed for the two peaks: the more red-shifted peak is broader than the less red-shifted peak.
C. Binding Energies Of The Aromatic Dimers
The binding energy of the dimers represents the relative strength of the intermolecular forces between the constituent molecules. It should have a direct relationship with such properties of the molecules as dipole moment and polarizability. For benzene and para-difluorobenzene ͑pDFB͒, because they have no dipole moment, the main intermolecular force is from the dispersion interaction. 15 For those molecules like toluene which have a dipole moment, apart from the dispersion interaction, the dipole-dipole interaction and the dipole-induced dipole interaction also play an important role in the intermolecular interaction. Thus, the resulting binding energies of toluene-toluene dimer and toluenebenzene dimer should be larger than those of benzene...benzene dimer, benzene...pDFB dimer and pDFB...pDFB dimer as has been confirmed by Neusser and Krause. 15 As for chlorobenzene, it has a large dipole moment ͓ϭ1.69 D ͑Ref. 18͔͒ and polarizability ͓␣ϭ14.1 Å 3 ͑Ref. 18͔͒ in comparison to those of benzene ͓ϭ0, ␣ϭ10.6 Å 3 ͑Ref. 18͔͒. Consequently, the binding energies of neutral BCl...B dimer and BCl...BCl dimer are expected to be larger than those of benzene dimer. Our experimental results agree quite well with this expectation. The reported binding energy of benzene dimer is 70Ϯ10 meV while our results showed BCl...B dimer and BCl...BCl dimer to have a binding energy of 140Ϯ10 meV and 150Ϯ10 meV, respectively. These values are close to the binding energies of toluene-toluene dimer and toluene...benzene dimer.
As mentioned in the previous section, the measured binding energies are most likely for the perpendicular TS structure. From the red-shift of the TS structure, we can obtain the dissociation energy of the excited state S 1 . The red- shifts of the TS structures for both BCl...B and ͑BCl͒ 2 are ϳ70-80 cm Ϫ1 ͑ϳ10 meV͒. Consequently, the dissociation energies are ϳ10 meV larger in the S 1 state for the TS structure. Moreover, the binding energies of the aromatic dimers can also be used to estimate their ionization potentials by using the known binding energies of the ionic dimers X 2 :
From D 0 ͑BCl...B͒ ͑0.14 eV͒ and E 0 ͑BCl...B͒ ϩ ͒ ͑⌬H 0 ϭ14 kcal/mol͒, 23 we estimate the IP of BCl...B to be ϳ8.6 eV. It should be pointed out that in estimating the binding energies of the aromatic dimers, we have implicitly ignored the kinetic shift. As discussed by Ernstberger et al., this is justified if the deposited energy is not statistically distributed among all vibrational degrees of freedom.
14 It has been shown that the effective space for considering the RRKM unimolecular dissociation can be restricted to the van der Waals modes.
24
V. CONCLUSIONS
We have reported the results of our two-photon ionization studies of the aromatic dimers. In particular, the resonant two-photon ionization spectra of the aromatic dimers BCl...B and ͑BCl͒ 2 are presented. Two spectral features near the 0-0 band are observed and are tentatively attributed to the PD geometry and a broad-range of perpendicular geometries for the less red-shifted and more red-shifted features respectively. This assignment is supported by ͑1͒ the relative intensity dependence on the internal temperature through the entropy argument; ͑2͒ the different broadness of the two spectral features; and ͑3͒ the ab initio calculations which showed that the PD geometry of BCl...B is the most stable geometry.
The binding energies of the aromatic dimers BCl...B and ͑BCl͒ 2 were measured. Since the perpendicular TS structure has a lower binding energy, the appearance threshold we measured should correspond to the binding energy of the TS dimer. The magnitudes of the dissociation energies are in line with the values of the dipole moment and polarizability of the constituent aromatic molecules in the van der Waals complexes.
